ABSTRACT: Recent NMR chemical shift measurements of the 99 residue C-terminal fragment of amyloid precursor protein (APP-C99) in the presence of cholesterol provide evidence of binary complex formation between C99 and cholesterol in membrane mimetic environments. It has also been observed that the production of Aβ protein is enhanced under conditions of high cholesterol concentration. In this study, we investigated the impact of the charge state of C99 on the structure and stability of the C99−cholesterol complex. We observed that the binding of C99 to cholesterol depends critically on the charge state of Glu 693 (E22) and Asp 694 (D23). Evaluation of the pK a values of the Asp and Glu side chains suggests that these residues may be predominantly neutral in existing experimental observations of a stable C99−cholesterol complex at lower pH (characteristic of the endosomal environment), while binding is destabilized near neutral pH (characteristic of the cytoplasm). These observations suggest that specific binding of cholesterol to C99 is a sensitive function of the pH encountered in vivo, with key E22 and D23 residues serving as a "pH switch" controlling C99−cholesterol binding.
A lthough the cause of Alzheimer's disease (AD) remains under debate, the aggregation of amyloid β (Aβ) peptides is widely thought to play a key role in the onset of senile dementia and progression of the disease. 1 The Aβ peptide is the product of processive cleavage of substrate C99, the 99 residue C-terminal fragment of amyloid precursor protein (APP) by γ-secretase, 2, 3 and is found in a variety of isoforms varying in length from 38 to 43 residues. The mechanistic details of formation of aggregates from Aβ monomers have been explored using a wide variety of experimental and computational techniques. 4−7 However, until recently the mechanism of production of Aβ peptide from the precursor protein C99 has received relatively little attention.
Cleavage of full length APP 770 by β-secretase generates the membrane associated C99 (APP 672−770 ). The transmembrane domain of C99 is subsequently processively cleaved by γ-secretase. Because of variation in points of initiation and termination of cleavage, a variety of isoforms of Aβ peptide is produced with Aβ 40 being predominant and the more amyloidogenic Aβ 42 occurring in a 10:1 Aβ 40 :Aβ 42 ratio. These and a variety of other isoforms, varying from Aβ 30 to Aβ 43 , are formed with absolute and relative quantities dependent on a number of factors including APP sequence and membrane lipid composition. 2, 3 Recent studies of the structure of C99 monomer suggest that sequence and membrane environment hold the key to understanding why one cleavage site is favored over another in the genesis of Aβ peptides of varying length. 8−13 Nevertheless, there remain fundamental questions related to the mechanism of cleavage of C99 by γ-secretase, including whether the monomer or homodimer of C99 is the predominant cleavage substrate, how membrane lipid composition impacts the structure of C99 monomer and homodimer, and how the presence of cholesterol impacts the recognition of C99 by γ secretase and ultimately its cleavage (please refer to the recent detailed reviews on the impact of cholesterol on membrane proteins 14, 15 ). In addition to nonspecific interactions, 8−13 NMR chemical shift measurements of C99 in bicelles of varying cholesterol concentration and recent molecular dynamics simulations of C99 homodimer 16 indicate that cholesterol forms a binary complex with C99 that competes with formation of C99 dimer. 11, 17, 18 This surprising observation is highly significant as γ-secretase is localized in cholesterol rich environments such as lipid raft domains and its activity is known to be modulated by cholesterol concentration. 19−22 Therefore, binding to cholesterol may recruit C99 to cholesterol-rich raft domains and facilitate the cleavage process.
The most profound chemical shift variations in response to cholesterol binding were centered around the short juxtamembrane helix (JM) in the N terminal loop of C99 peptide and three Gly residues (Gly 29, Gly 33, Gly 37) that form a GXXXG repeat motif in the N-terminal transmembrane (TM) domain. 17 Mutation of Phe 20 or Glu 22 to Ala, from the JM helix and N terminal loop, or any Gly residues from the GXXXG motif substantially diminished cholesterol binding, suggesting that these residues are vital to C99−cholesterol complex formation. 17 This pattern of chemical shift variations suggests an induced fit model in which the flat α-face of cholesterol is kept in contact with the relatively smooth Gly face of the TM helix, created by the GXXXG repeat motif, whereas its headgroup is constrained by formation of hydrogen bonds with Asn27 and Glu22 17 (see Figure 1 ).
Though chemical shift and mutagenesis data on C99 in the presence of cholesterol has informed an initial model of the C99−cholesterol complex, little is known regarding the detailed interaction of key peptide residues with cholesterol and their specific role in stabilizing the putative C99−cholesterol complex. Specifically, the role of key ionizable residues, including E22 and D23, must be critically evaluated. The proposed binding model is based on chemical shift data collected at pH 4.5, close to the natural pK a values of Asp and Glu side chains (4.0 and 4.4, respectively). However, the true protonation state of these side chains in the hydrophobic environment of a membrane bilayer is unclear and may play an essential role in modulating C99 structure and interaction with cholesterol.
In this study, we apply molecular dynamics (MD) simulation using all atom models 17 to investigate the detailed interaction of C99 with cholesterol in DMPC (1,2-dimyristoyl-sn-glycero-3-phosphocholine) bilayers. The ionization states of residues E22 and D23 are found to be critically important to the structure of C99 monomer and its interaction with cholesterol, suggesting that C99−cholesterol interaction is a sensitive function of pH. These observations shed light on the role of environment in C99 processing and the potential mechanism of action of a number of known familial AD mutations.
Two replica simulations were initiated from a proposed C99−cholesterol complex structure primarily based on the results of Ala scanning data 17 (see Figure S1 ) for both protonated E22/D23 (C99 15−55 [0]) and charged E22/D23 (C99 15−55 [−]) (for information on simulation details, see Computational Methods). Cholesterol was considered to be bound to C99 if the distance between its center-of-mass and that of a critical GXXXG repeat (residues 29 to 37) was less than or equal to 10 Å. This cutoff value was chosen based on earlier binding free energy calculations by Nierzwicki and Czub. 23 In order to probe the effect of interactions between individual residues and cholesterol in the complex, the average time each residue spends within 5 Å of cholesterol was calculated over all simulations (See Figure 2) . Contact between cholesterol and Gly 29 and Gly 32 is observed across all simulations of C99 15−55 [−] in agreement with NMR chemical shift measurments. 17 However, these contacts are short-lived (no more than several nanoseconds). In contrast, cholesterol forms persistent contacts with C99 15−55 [0] on the Gly-repeat face, as well as with the TM domain and short N terminal loop, including direct interaction with protonated E22. Comparison with NMR chemical shift variations 17 (gray bars in Figure 2 ) supports the earlier conjecture that the GXXXG motif provides a favorable surface for cholesterol interaction in both C99 15−55 [−] and C99 15−55 [0]. However, long-lived contacts with the N terminal loop were only evident in C99 15−55 [0]. Importantly, overall agreement between simulation and NMR 17 data is improved in the case of protonated side chains. It should be noted that the reported residence times are based on collected sampling over five independent simulations of 400 ns. Longer simulations involving multiple binding and unbinding events would provide better statistics and a more complete estimate of the uncertainty in the observed residence times.
An earlier simulation study assessing the stability of the C99−cholesterol complex in C99 15−55 [−] showed stable binding of cholesterol, on the order of a few kcal/mol. However, no significant contacts were observed between Asp and Glu residues and cholesterol. 23 This further supports the importance of protonation of key residues E22 and D23 in the The TM region is highlighted in magenta.
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The observed increased contact of cholesterol and E22 can be explained by the critical impact of protonation on E22 and D23 on the structure of C99, including the orientation and insertion of Asp and Glu residues in the membrane bilayer. The density distributions of F19, E22, and D23 are superimposed on the density distribution of P atoms in the head groups of the lipids (Figure 3 ; see Figure S2 for snapshots from the simulations). For C99 15 A clear enhancement in interaction between water and E22 and D23 is observed in C99 15−55 [−], whereas in C99 15−55 [0] the residues are membrane inserted and shielded from water (See radial distribution function (RDF) in Figure S3 ). An increase in insertion depth of Glu and Asp in their neutral states and the increased exposure to the membrane exterior in the charged state supports the conjecture that Glu and Asp are unavailable for direct interaction with cholesterol in their charged state and that stable binding of cholesterol with C99 is observed only in the neutral state of these key residues.
The average insertion depth of each residue was calculated as the distance of each residue center-of-mass relative to the average center of mass of all lipid head groups along the membrane normal (z-axis). Computed insertion depths of individual residues was compared with relative insertion depths obtained from EPR measurements in POPC/POPG vesicles, 17 as well as NMR chemical shift variations in the presence of hydrophobic (DSA) and hydrophilic (Gd) probes 24 ( Figure 4 ). Results suggest that the average insertion depth obtained from both C99 15−55 [0] and C99 15−55 [−] is in qualitative agreement with these experiments. However, the agreement is improved for C99 15−55 [0] with neutral E22 and D23, especially for the JM helix in the neighborhood of these two residues. This suggests that the presence of negatively charged lipids (POPG) in the vesicle may have increased the pK a of E22 and D23 and enhanced the probability of their protonation. Notably, the number of water molecules within 5 Å of each side chain (red bars) shows the elevated solvent exposure of the JM helix region in C99 15−55 [−] .
Strong correlation is observed between cholesterol concentration and chemical shift variations in the GXXXG motif region within the TM domain of the peptide. 17 It has been proposed that the α-face of cholesterol provides a favorable surface for interaction with the Gly face of the TM helix. 17, 25 In order to investigate the configuration of cholesterol in complex with the peptide, we introduce two Crick angles, ψ 1 and ψ 2 , that describe the relative orientation of cholesterol, once in complex with the peptide, and the GXXXG motif of the TM helix ( Figure 5 ). These angles were defined in terms of an intermolecular vector passing through (1) the center-of-mass 
Letter of the sterol ring system of cholesterol and (2) center-of-mass of residues 29 to 37 of C99. ψ 1 was defined as the angle between the central vector and a vector connecting the centerof-mass of residues 29 to 37 and the Cα of Gly33. Similarly, ψ 2 was defined as the angle between the central vector and a vector connecting the center-of-mass of the sterol ring system and C19 of cholesterol (methyl carbon in CHARMM nomenclature). Cα of Gly 29, Gly 33, Gly 37, and C19 are depicted as spheres in Figure 5 . In calculating ψ 1 and ψ 2 , we considered the projection of all vectors on the x−y plane. MDAnalysis toolkit 26 was used to perform the analysis. Small ψ 1 values correspond to TM helix Gly-face oriented toward cholesterol, whereas small ψ 2 values correspond to the β-face of cholesterol oriented toward the peptide. The distribution of Crick angles was compared for all cholesterol−C99 complexes in both C99 15−55 [0] and C99 15−55 [−] . The potential of mean force (PMF) projected along these two angles is depicted in Figure 6 . Representative structures from different basins are marked on the PMF.
Our calculations show that in addition to complexes in which cholesterol α face is oriented toward peptide GXXXG motif (α-G), there are two additional basins. One basin corresponds to small ψ 2 values and represents complexes in which the cholesterol β-face is oriented toward the peptide G-face (β-G) stabilized by a favorable "knob-in-hole" interaction of the cholesterol methyl group and C99. An additional basin represents complexes in which cholesterol is oriented sideways with respect to the peptide Gly-face (s-G). Similar sideways structures were observed in earlier computational studies of cholesterol−C99 interaction. 23 For C99 15−55 [0] residues in the vicinity of cholesterol ( Figure 6 and Figure S4 ), cholesterol molecules are observed in the bound state in three different conformations with respect to the peptide Gly face. Stable complexes are facilitated by favorable van der Waals contacts between cholesterol tails and hydrophobic residues on either side of the GXXXG motifs ( Figure 6 and Figure S4 ) and insertion of methyl groups on the cholesterol β face into empty grooves between hydrophobic side chains. The same trend is observed with favorable C99 15 . We did not observe any long lasting hydrogen bonding between cholesterol's polar hydrogen and residues in its vicinity. In addition, the orientation of the JM helix of C99 15−55 [−] disrupts the "binding pocket" such that cholesterol is only loosely associated with the peptide Gly-face. As a result, cholesterol moves with more freedom in the binding pocket, characterized by large ψ 1 values (Figure 6 ).
The structural heterogeneity observed among the C99− cholesterol complexes indicates that C99 provides a flexible pocket that could be compatible with ligands of varying geometries. Recall that the chemical shift variation in residues of C99 was measured for varying cholesterol concentration at pH 4.5, close to the intrinsic pK a values of Asp and Glu side chains (4.0 and 4.4, respectively). Similar binding affinity was observed for C99−cholesterol complex at pH of 6.5 in vesicles containing negatively charged lipids 18 (POPC:POPG 3:1). Given the observation above, it is likely that the resulting cholesterol binding is a function of pH, raising the interesting question of the impact of pH variation on the production of Aβ. To explore this question, we performed constant pH molecular dynamics simulations to calculate pK a values of Asp and Glu side chains in DMPC+20% cholesterol. The pK a values obtained from our simulations are 6.5 ± 0.1 (D23) and 7.4 ± 0.1 (E22) (see Figure S5 for titration curves). These values are in excellent agreement with the recently reported pK a of 6.8 28 for a Glu side chain in a pentapeptide localized near a membrane surface. 28 Our computed pK a s, although within the error bars of the study mentioned above, 28 are likely elevated by the adjacency of E22 and D23, and the solvent exposure of F19 in C99 15−55 [−] (Figures 3 and S2 ), leading to a higher The Journal of Physical Chemistry Letters Letter population of neutral versus charged states. In this study, we focus on variations in pK a with respect to the reference value of the side chain in solution. Longer simulations, and more complete conformational sampling, would provide a better estimate of the true uncertainty in the calculated pK a values.
Our computed pK a values suggest that in a biologically relevant pH range (5.0−7.4), Asp and Glu will be found in both ionized and neutral states. At pH 4.5 employed in the recent NMR study, 17 the neutral state is expected to have a significantly higher population enhancing cholesterol binding.
Importantly, production and release of Aβ from APP involves endocytosis. 21,29−32 The low pH of the environment of the endosome (with estimated pH 6.5−6.0 and 5.5−4.5 for early and late endosomes, respectively) increases the population of the protonated state of Glu 22 and Asp 23, which according to our simulation is more compatible with cholesterol binding. Therefore, C99 may be more prone to binding to cholesterol in the endosome (pH ≈ 5.0), as opposed to the extracellular environment near the plasma membrane (pH ≈ 7.4), which could subsequently promote its cleavage by γ-secretase. Familial AD mutations are observed at both Glu 22 and Asp 23. In all known cases, these residues are substituted with a neutral side chain (E22G, E22Q, and D23N), 33 deleted (E22Δ), 33 or substituted with Lys (E22K). 33 In the latter case, Lys possesses a long aliphatic side chain and is known to insert into membranes, adopting a neutral state in a biologically relevant pH range. 34, 35 Given this pattern, it is possible that these familial AD mutations enhance favorable interaction with cholesterol thereby promoting C99-chol complex formation. In addition, it is possible that small perturbations of cellular pH, such as defects in the pH control pathway, lead to a decrease in cellular pH or increase in neutral Asp and Glu populations that stabilize C99−cholesterol interaction.
In conclusion, our study suggests that C99 complexation with cholesterol, observed in recent NMR studies, depends sensitively on the protonation states of key ionizable residues (E22 and D23) in the JM domain of C99. For ionized (negatively charged) states of Asp and Glu, expected at high pH, the side chains are observed to be solvated, disrupting formation of the JM helix as well as contacts between cholesterol and residues in the JM region of C99. In contrast, for neutral states of Glu and Asp, expected at lower pH, E22 and D23 side chains are inserted into the membrane, stabilizing the JM helix and facilitating formation of a cholesterol binding pocket.
Our findings also suggest that in addition to the α-G complex, originally proposed based on existing NMR data, there are β-G and s-Gly complexes that contribute to the overall cholesterol−C99 complex ensemble. Computed pK a s of E22 and D23 side chains in membrane indicate that for biologically relevant pH values there will be a coexistence of neutral and charged states. On the basis of these results, we propose that known familial mutations of these key residues (E22G, E22Q, and D23N) should enhance the stability of the cholesterol− C99 complex. Taken as a whole, our results are consistent with the proposal that enhanced cholesterol−C99 complex formation may lead to enhanced cleavage of C99 by γ-secretase and elevated production of Aβ.
■ COMPUTATIONAL METHODS
The residues that are shown to be critical both for peptide homodimerization and cholesterol complex formation are located in the TM and JM regions of C99; 11, 17, 18 15−55 [0]) E22 and D23 residues using patches at both N and C termini (using CHARMM ACE, CT3 patches, respectively) and inserted into a membrane bilayer composed of DMPC and 20% cholesterol using CHARMM-GUI. 36 The composition of the bilayer was chosen to match recent bicelle compositions employed in the experimental study of Sanders and co-workers. 17 The bilayer was composed of 140 lipid molecules with 0.150 M concentration of Na + and Cl − ions. One cholesterol molecule was positioned in the vicinity of the GXXXG motif (and Glu22 and Asp23) in agreement with Ala scanning results. 17 The initial model is depicted in Figure S1 . The complex was energy-minimized and equilibrated using the NVT ensemble. Initially, cholesterol was restrained to the binding pocket during the minimization and equilibration using harmonic restraints with force constant of 3500 kJ/(mol nm 2 ). The cholesterol−C99 force constant was reduced to zero during 100 ns of NPT simulation. Subsequently, the complex was simulated for 400 ns of NPT dynamics using the Nose− Hoover thermostat and Parrinello−Rahman semi-isotropic barostat. Five replicates of each system were simulated and the first 40 ns was discarded. All simulations were performed using the GROMACS 5.0 simulation package, 37−41 the CHARMM36 all-atom force-field for proteins 42 and lipids, 43 and the TIP3 44 water model. During all production runs, the CHARMM-GUI 36 simulation protocol was followed. The temperature was maintained at 310 K and the pressure at 1 bar.
Constant pH molecular dynamics simulations (CPHMD) were performed using the CHARMM multisite λ dynamics framework (MSλD) 45, 46 within the BLOCK facility. Details of this method, including the setup of each residue and its parametrization for the CHARMM 36 protein force-field, can be found elsewhere. 35,47−49 Structures of peptides with both charged and neutral states of E22 and D23 in the unbound configuration were used as initial structures of the CPHMD simulations. Following equilibration of each state in DMPC +20% cholesterol lipid bilayer according to the CHARMM-GUI 36 default protocol, each structure was subjected to 10 ns of NPT dynamics followed by 10 ns of NVT dynamics at 298 K. The resulting structures were subjected to 10 ns of CPHMD simulation from which the last 3 ns was used for analysis. The pH range was chosen to be 2 to 9 and λ values were saved every 10 steps. Three replicates were simulated. λ ≥ 0.8 was chosen as the cutoff for physical states. The fraction of unprotonated states for either E22 or D23 at each pH (S unprot (pH)) was calculated as 
In eq 1, N unprot and N prot are the populations of physical states (λ ≥ 0.8) at any given pH. These values were fitted to the Henderson−Hasselbalch eq (eq 2) to calculate pK a values 
All equilibration and production runs of CPHMD were performed using the CHARMM simulation package. 50 The Journal of Physical Chemistry Letters 
